This paper aims at developing an experimental method to characterize the vibroacoustic response of a panel to a diffuse acoustic field excitation with a different laboratory setup than those used in standards (i.e., coupled rooms). The proposed methodology is based on a theoretical model of the diffuse acoustic field and on the measurement of the panel's sensitivity functions which characterize its vibroacoustic response to wall plane waves. These functions can be estimated experimentally using variations of the reciprocity principle which are described in the present paper. These principles can either be applied for characterizing the structural response by exciting the panel with a normal force at the point of interest or for characterizing the acoustic response (radiated pressure, acoustic intensity) by exciting the panel with a monopole and a dipole source. For both applications, the validity of the proposed approach is numerically and experimentally verified on a test case composed of a baffled simply supported plate. An implementation for estimating the sound transmission loss of the plate is finally proposed. The results are discussed and compared with measurements performed in a coupled anechoic-reverberant room facility following standards. PACS numbers: PACS: 43.40.At, 43.40.Dx * christophe.marchetto@usherbrooke.ca 28 the direct interpretation of the sensitivity functions would require exciting the panel by sets 29 of wall plane waves, which is not easy from an experimental point of view, an alternative 30 method based on a reciprocity principle is proposed. The reciprocity principle states that the 31 sensitivity functions at any point on the structure or in the acoustic medium are equivalent 32 to the panel's velocity response expressed in the wavenumber domain when the system is 33 excited by a vibration or acoustic source at the same point. From an experimental point 34 of view, it is then only necessary to excite the system with a vibration or acoustic source 35 and to apply a wavenumber transform to the measured transfer function between the panel 36 velocity and the source magnitude to obtain the sensitivity functions for a wide range of 37 wavenumbers. Globally, the proposed experimental process consists in exciting the panel 38 with the source of given magnitude at the point of interest. The spatial vibratory response of 39 the panel is then measured with a scanning laser vibrometer. In a subsequent post-processing 40 phase, a discrete 2-D wavenumber transform of the measured vibratory field is performed to 41 deduce the sensitivity functions. Finally, using the wall-pressure model of a DAF and the 42 previously estimated sensitivity functions, the response when the panel is excited by a DAF 43 can be deduced at any point on the structure or in the acoustic medium. To evaluate the 44 sound transmission loss, this process is repeated for a series of points belonging to a surface 45 surrounding the panel to estimate the acoustic intensity at these points when the panel is 46 excited by a DAF. 47 The remainder of the paper is organized as follows: the considered vibro-acoustic problem 48 and the quantities characterizing a panel under a DAF are described in Sec. II. Then, the 49 mathematical formulation of the vibro-acoustic problem is presented in Sec. III where the 50 sensitivity functions appearing in the formulation are defined. An alternative interpretation 51 of these functions based on the reciprocity principle is proposed in Sec. IV. This inter-52 pretation suggests a simple implementation for measuring the sensitivity functions. The 53 proposed methodology for characterizing the panel response under a diffuse acoustic field 54 is summarized in Sec. V. Numerical and experimental validations are provided in Sec. VI. 55 Finally, a comparison with measurements performed following standards [4] is proposed in 56 Sec. VII. 57 II. VIBROACOUSTIC CHARACTERIZATION OF PANELS UNDER DIFFUSE 58 ACOUSTIC FIELD 59 Let us consider a baffled panel of surface Σ p with arbitrary boundary conditions separating 60 two semi-infinite acoustic domains. Each of these acoustic domains is characterized by a 61 As the wall-pressure CSD function of a DAF is null for wavenumbers larger than the acoustic 129 wavenumber, the integration domain involved in Eq. (10) can be restricted to the wavenum-130 bers contained in the acoustic domain (i.e., |k| < k 0 ). Moreover, in practice, this integral 131 is approximated considering a set of wavevectors in the acoustic domain Ω k and using the 132 rectangular integration rule. It should be stressed here that S αα (x, ω) is a two-sided spec-133 trum as a function of the angular frequency. It can be related to the one-sided spectrum as 134 a function of the frequency G αα (x, f ) by 135 G αα (x, f ) = 4π S αα (x, ω) .
The experimental vibroacoustic characterization of panels under a diffuse acoustic field 2 (DAF) excitation is of great interest for the industry. This excitation is commonly used 3 to determine the sound reduction index of panels as described in several standards using T L (f ) = 10 log 10 Π
where f is the frequency and is considered positive. 73 The incident acoustic power and the radiated acoustic power are denoted Π inc and Π rad , re-74 spectively. For a DAF exciting a panel of area Σ p , the incident acoustic power is theoretically 75 given by [10] 76
where G p b p b (f ) is the one-sided frequency wall-pressure ASD function and the factor 8 77 accounts for pressure doubling at the panel surface [11] . The radiated power of the panel 78 into the receiving medium is obtained by integrating the normal active sound intensity flow 79 passing through a virtual surface Σ v surrounding the panel 80 Π rad (f ) =
n being the unit exterior vector normal to Σ v , dx the surface element and I act (x, f ) the 81 active sound intensity at point x. The latter is directly related to the one-sided frequency 82 CSD function G pv 0 (x, f ) between the sound pressure p and the particle velocity v 0 at point 83
x with [12] 84 I act (x, f ) = Re{G pv 0 (x, f )}.
(4)
Theoretically, the radiated power is obtained by solving the formal integral in Eq.
(3). 85 For numerical and experimental applications, the integral of Eq.
(3) may be approximated 86 by discretizing the surface Σ v and using the rectangular integration rule:
where σ v represents the set of points defined on Σ v and δx is the elementary point area. 88 To characterize the vibration response of a panel to a DAF, it is then necessary to 89 evaluate G vv at the considered point on the panel while the evaluation of G pv 0 for the set 90 of points σ v is required to estimate the TL. An approach for evaluating these quantities 91 based on deterministic transfer functions and using a reciprocity principle is presented in 92 the following sections. α(x, t) =
where h α/Fn (x,x, t) is the impulse response (structural velocity, acoustic pressure or particle 101 velocity-wise) at point x for a normal unit force applied at pointx. Assuming that the 102 random process is ergodic, the cross-correlation function R αα (x, t) is defined by
where α also designates v, p or v 0 . Introducing Eq. (6) in Eq. (7) and performing a time 104 Fourier transform of the resulting expression of the cross-correlation function gives the space-105 frequency spectrum S αα (x, ω), which after some manipulations (see [13] for details) can be 106 written as
where H α/Fn (x,x, ω) is the time Fourier transform of h α/Fn (x,x, t) and corresponds to the 108 panel frequency response function (velocity, pressure or particle velocity-wise) at point x 109 when it is excited by a normal force F n applied at pointx; S p b p b x,x, ω is the time 110 Fourier transform of the cross-correlation function of the blocked wall-pressure; finally * is 111 the complex conjugate. Defining the wavenumber-frequency spectrum of the wall-pressure
where k = (k x , k y ) is the wavevector defined in the plane (x, y) and dk is the two-dimensional 115 wavenumber element. By introducing Eq. (9) in Eq. (8) and rearranging the terms, one 
where r = |x −x|, k 0 = ω/c 0 is the acoustic wavenumber and S p b p b (ω) is the wall-pressure 125 ASD function. The space-wavenumber transform of Eq. (12) gives the wall-pressure CSD 126 function in the wavenumber-frequency space
where
at point x (z = 0) of a panel excited by a DAF can be estimated with
whereas the one-sided frequency CSD function between the pressure p and the particle 140 velocity v 0 at a given point x into the acoustic domain can be estimated with
where δk represents the wavenumber resolution and 
In this case,ᾱ is a normal force and thus, the sensitivity function H v (x, k, ω) is obtained 
As demonstrated in Appendix A 2, the force F 0 is injected in the same direction n as 204 the desired direction of the particle velocity v 0 . One can obtain the sensitivity function 
211
In practice, the vibratory field has to be measured on a regular grid of points denoted 212 Γx, using a scanning laser vibrometer, for example. The space-wavenumber transform is 213 therefore approximated by a discrete Fourier transform. In order to avoid aliasing effects, The frequency range of interest is [170, 2000 Hz] with a frequency resolution of 0.625 Hz.
263
The low frequency limit is set according to the frequency response of the monopole source 264 and the high frequency limit has been chosen arbitrarily. This frequency range is below the 265 critical frequency of the panel, f c , given by
where D = Eh 3 12(1−ν 2 ) is the flexural stiffness. For the considered case, f c = 3867 Hz.
267
In this section, we will focus on: in directions x and y respectively, are given by
These wavenumber resolutions are relatively large because of the small dimensions of the 287 panel. In order to improve the wavenumber resolution, zero-padding is used to obtain a 288 wavenumber resolution of 0.5 m −1 along k x and k y .
289
In order to assess the accuracy of the reciprocity approach for evaluating the panel sensi-290 tivity functions, the results obtained with this approach are compared with those obtained 291 by considering the direct interpretation of these functions (as described in Sec. III). This 
300
This force was applied using a TMS SmartShaker K2007E01 with integrated amplifier, which 301 was fed with a swept sine over the considered frequency range and the force was measured 302 using an impedance head PCB288D01 (as shown in Fig. 3(a) ). An adapter was used between provided for three different frequencies, the lowest corresponding to the (2,1) vibration mode 348 frequency ( Fig. 4(a) ) and the two others being off-resonance cases (Figs. 4(b) and 4(c)).
349
The product of sensitivity functions H p and H * v 0 , which is involved in the expression of the use of zero-padding to improve the wavenumber resolution without affecting the results.
356
It also validates the method described above to reconstruct a dipole from two monopole 357 sources.
In Fig. 4 and 5, the numerical and experimental results are generally in good agreement. One can observe that the sensitivity functions are slightly overestimated experimentally at 360 the (2,1) vibration mode frequency compared to the numerical results. This can be explained 361 by the fact that the modal damping loss factor has been estimated from the response of the 362 plate to a shaker excitation. The added mass from the shaker possibly had an influence on 363 the evaluation of the damping of the (2,1) mode.
364
A good agreement is particularly noticed within the acoustic wavenumber circle (delin-365 eated by a full line). Again, only values in the acoustic wavenumber domain contribute 366 to the plate's vibroacoutic response to a DAF. However, the sensitivity functions are also 367 correctly estimated experimentally for wavenumbers higher than the acoustic wavenumber. reciprocity principle.
393
The experimental and theoretical pressure -particle velocity CSD functions are com-394 pared in Fig. 7(b) . Their good agreement shows that the active sound intensity is correctly 395 estimated in this situation using the reciprocity approach. Furthermore, the experimental manually (subject to more errors) whereas for the acoustic applications, it was controlled 401 with a robot allowing a higher accuracy. A more likely explanation is the dynamic influence 402 of the mass added with the shaker, which explains the slight shifts of the resonance peaks 403 in Fig. 6(b) .
404

VII. COMPARISON WITH REVERBERANT ROOM MEASUREMENTS 405
The proposed approach is finally compared with measurements performed at the Univer- and the considered virtual surface is given in Fig. 9(a) .
457
In addition, the proposed methodology described in Sec. V for estimating the TL was (denoted S x ±, S y ± as shown in Fig. 9(b) ) to enclose the whole panel. The active sound 468 intensity on S z was calculated on a grid of 12 × 10 points uniformly distributed along x 469 and y, respectively. The sound intensity was only calculated on 10 aligned points on S x ± 470 uniformly distributed along y and 12 aligned points on S y ± uniformly distributed along x.
471
In both case, the points were positioned at z v /2. Note that in the reciprocal approach, the 472 direction of the active sound intensity is defined by the direction of the force injected by 473 the dipole (see Fig. 2(f) ). To determine the active sound intensity at point x using the 474 reciprocity principle, the plate was excited successively by a monopole and dipole source at 475 point x.
476
To reduce the number of excitation points and the measurement time, the symmetries 477 of the system (with respect to x = L x /2 and y = L y /2) were considered. Only the points 478 belonging to a fourth of Σ v , as illustrated in Fig. 9(c) , were considered, leading to a total of 479 40 positions of excitation as compared to 160 in Fig. 9(b) . The experiment was performed mesh.
485
As a reference to compare the following numerical and experimental results, a numerical The experimental results obtained with the reciprocity principle are compared in Fig. 10(b) 501 to the experimental results obtained in the transmission loss facility. The transmission loss 502 facility results are noisier than those derived from the reciprocity principle. A good agree-503 ment is however noticed in general. Relatively small differences are noticeable above the 504 acter of the sound field in the reverberant room. On the other hand, below 410 Hz the TL 506 measured in the transmission loss facility is on average 6.5 dB lower than the one obtained 507 with the reciprocal approach. This is explained by the modal behavior of the reverber- The proposed approach avoids the use of a reverberant room to determine the sound 523 transmission loss factor and vibration response of plane panels under a diffuse field excitation.
524
As the excitation is represented by an analytical model, this approach can be applied to where points belonging to the structure are denotedx.
632
Any kind of thin elastic structure can be considered; and the excitation and observation 
where ω is the angular frequency, Q v the volume velocity flow of the monopole source, 
where L is the self-adjoint operator of the structure and v is the structure velocity in direction 
The volume integral on the left-hand side of Eq. (A8) can be transformed to a surface in- 
From the property of the Dirac delta function (i.e.,
any function f defined on V and any point x 0 ∈ V ) one has:
Using Eq. (A7), Eq. (A10) becomes
Eq. (A11) shows that the pressure radiated by a structure at point x m when it is excited 658 by a normal unit point force at pointx f equals the structure normal velocity at pointx f 659 when it is excited by a monopole source of unit volume velocity at point x m . 
As previously, the volume integral on the left-hand side of Eq. 
Using the previously described property of the Dirac delta function and the property 667 of the distributional derivative of the Dirac delta function (i.e.,
for any function f defined on V and any point
Using Euler's formula, the normal velocity of the structure at pointx f and the particle 671 velocity v n d in direction n d at point x d are introduced in Eq. (A14). One finally obtains
Eq. (A15) shows that the particle velocity in direction n d at point x d in the acoustic 673 medium when the structure is excited by a normal unit point force at pointx f equals the H v/F 0 (x, x, ω). They can be estimated by neglecting the fluid-structure interaction and 681 considering the modal expansion technique. For a panel that has simply supported bound-682 ary conditions on all of its edges, the modal angular frequency ω mn , the spatial mode shape 683 φ mn , and the modal mass M mn for the (m, n) mode are given, respectively, by
where m and n are non-zero strictly positive integers. The normal velocity v of the plate 687 excited by the pressure distribution P (x),x ∈ Σ p is then obtained with:
v (x, ω) = jω m,n
where the modal force F mn is defined by
1. Calculation of the sensitivity functions with the direct interpretation 690
The direct interpretation described in Sec. III and in Fig. 2 indicates that the sensi- 
where for ξ = x or ξ = y,
The sensitivity functions H v for a point x on the panel can be directly estimated using 
where r 1 and r 2 are two positions of monopoles separated by a distance d representing a 716 dipole at a distance r [24] and the dipole force will be then considered of unit amplitude 717 (i.e., F 0 = 1 N). 
